Overview of T-cell homeostasis
==============================

T cells are major immune cells for defending hosts as well as controlling the development of immune-mediated inflammatory diseases.^[@bib1],\ [@bib2]^ Naive T cells from the thymus migrate to secondary lymphoid tissues, in which they encounter antigens by interacting with antigen--MHC complexes and then become activated and differentiated into effector T cells. Effector T cells proliferate and produce numerous effector molecules, including pro-/anti-inflammatory cytokines and cytotoxic molecules, to protect the host from various pathogenic microorganisms. After the antigen is cleared, most effector T cells undergo programmed cell death, but some survive and differentiate into memory T cells. In this process, T-helper cells (Th cells) help B cells make antibodies and promote cytotoxic T-cell function. Effector Th cells can be classified into Th1, Th2, Th17 and regulatory T (Treg) subpopulations based on their unique cytokine properties.^[@bib2]^ For example, whereas Th1 cells produce IFNγ to promote cellular immune responses against intracellular microorganism infection, Th2 cells produce IL-4, IL-5 and IL-13 to promote humoral immune responses against parasites and allergens.^[@bib1],\ [@bib2]^

Over the last two decades, Th17-cell subpopulation has been identified and studied by several research groups.^[@bib3]^ Th17 cells produce the potent pro-inflammatory cytokine IL-17, which leads to tissue injury and is involved in the pathogenesis of inflammatory and autoimmune diseases.^[@bib4]^ In contrast, Treg cells produce an anti-inflammatory cytokine, IL-10, to suppress excessive immune responses to protect the host.^[@bib2]^ In other words, Treg cells play indispensable, central roles in maintaining immune tolerance to self-antigens and facilitating tissue repair. Several reports have proposed that Treg cells include thymus-derived Treg (tTreg, Helios^+^ and GATA3^+^) cells and peripherally derived Treg (pTreg, Helios^−^ and RORγt^+^) cells, the latter of which are induced by the peripheral tissue microenvironment and function in both peripheral and mucosal homeostasis.^[@bib5]^

In addition to classical Th-cell subpopulations, T-follicular helper (Tfh) cells and Th9 cells have recently been defined as new subpopulations that produce IL-21 and IL-9, respectively. Tfh cells help B cells differentiate into antibody-producing cells mainly in the germinal center and are involved in autoimmune diseases.^[@bib6]^ Although the function and importance of Th9 cells is difficult to clarify in humans, IL-9 is known to promote mast cell and T-cell growth as well as class-switching to IgE in B cells.^[@bib7]^ On the basis of these functions of IL-9, Th9 cells may be a unique subpopulation in specific murine models of disease, such as asthma, helminth infections and other autoimmune diseases.^[@bib7]^ However, Tfh and Th9-cell subpopulations need to be clarified in greater detail as unique subpopulations upon specific pathological conditions. Overall, Th-cell polarization and subsequent functions may be determined by the cytokine environment under specific conditions. Well-balanced Th-cell differentiation is important in preserving a healthy condition. However, alterations in Th-cell differentiation occur in specific environmental conditions, and these alterations could disrupt the immune system balance, leading to the development of diseases. In particular, Treg cell deficiency enhances autoimmune and inflammation responses.

T-cell homeostasis and the microbiota
=====================================

The etiology of disease pathogenesis can be largely explained by genetic variations and several types of environmental factors, such as diet, smoking and infection. In genetically disease-susceptible individuals, the subsequent environmental factors may induce the initiation of diseases. The human body is continuously exposed to environmental microorganisms and is colonized by a variety of microbes, known collectively as the microbiota, that comprise an ecological community of commensal, symbiotic and pathogenic microorganisms.^[@bib8],\ [@bib9]^ With the development of culture-independent modern techniques for detecting microorganisms, such as 16S rRNA--DNA sequencing and whole-genome shotgun sequencing, \~1200 different bacterial species have been commonly identified in the human gut microbiota, the majority of which is composed of five phyla: Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and Verrucomicrobia.^[@bib9],\ [@bib10]^ Of interest, \~160 distinct bacterial species have been found to differ in each individual, and the relative abundance of common bacterial phyla is also different in each individual.^[@bib10]^ The composition and abundance of the microbiota may be affected beginning early in life by such factors as genetics, prenatal environment, diet and antibiotic treatment.^[@bib11]^

The host immune system has co-evolved with the microbiota populating the human body, and this microbiota provides many beneficial functions to its host, including synthesizing nutrients, protecting against invasion by pathogens and regulating immune responses to self-antigens.^[@bib12],\ [@bib13],\ [@bib14]^ This suggests that the microbiota plays a fundamental role in the balance of the host immune system between activation and tolerance. In other words, disruption of this relationship could contribute to the development of diseases. Among the various immune cells, the microbiota has been shown to be associated with the development of Th1, Th2, Th17 and Treg cells.^[@bib15],\ [@bib16],\ [@bib17]^ Relatedly, germ-free (GF) animal models that have never been exposed to any microorganisms have revealed the importance of the microbiota in the development of the host immune system.^[@bib18]^ GF mice have defects in the spleen and mesenteric lymph nodes and show reduced Treg cell induction and the absence of Th17 cells as well as Th1/Th2 imbalance, which is biased toward the Th2 response.^[@bib12],\ [@bib19]^ In this experimental system, *Bacteroides fragilis* recovered the development of the Th1-associated immune response through a bacterial product, polysaccharide A-dependent pathway.^[@bib17]^ In mice under specific pathogen-free conditions, polysaccharide A derived from *Bacteroides fragilis* inhibits Th17 development and induces Treg cell accumulation by engaging with Toll-like receptor 2 expressed by T cells, leading to the maintenance of immune homeostasis.^[@bib20]^ In other studies, while segmented filamentous bacteria (SFB) were shown to induce a Th17 immune response, *Clostridium* sp. was shown to promote Treg cell induction.^[@bib15],\ [@bib19]^ In addition, in the case of co-infection with SFB and *Listeria monocytogenes*, SFB-specific T cells and *Listeria*-specific T cells were shown to differentiate into Th17 and Th1 cells, respectively.^[@bib21]^ This directly suggests that cognate bacterial antigens could determine the differentiation of Th cells. Therefore, the development of Th cells can be controlled by the microbiota, and the disturbance of Th-cell development by an altered microbiota may contribute to the pathogenesis of diseases.

Recently, emerging reports have highlighted the role of the microbiota in the pathogenesis of autoimmune and inflammatory diseases, such as rheumatoid arthritis (RA), type 1 and 2 diabetes mellitus (DM), and asthma. Curiously, because these diseases exhibit organ-specific disease pathology, the microbiota, which is restricted to the gut, lung and skin, requires signals to communicate with the host immune system in distant organs. As signal mediators, microbes *per se*, circulating antibodies or immune cells, hormones and microbiota-derived metabolites including lipopolysaccharide, short-chain fatty acids (SCFAs, for example, butyrate, propionate and acetate), and bile acid may communicate with distant organs, physiologically enabling the development of distant organ-specific diseases ([Figure 1](#fig1){ref-type="fig"}).^[@bib10]^ However, although communication with distal organs is a very critical point in demonstrating the direct relationship between the microbiota and disease development, it remains to be addressed.

T-cell-associated inflammatory diseases affected by altered microbiota
======================================================================

Rheumatoid arthritis
--------------------

RA is a systemic autoimmune disease that results in bone and cartilage destruction by joint inflammation.^[@bib22]^ The hallmark of RA as an autoimmune disease is the production of autoantibodies such as rheumatoid factor and anti-citrullinated protein antibody.^[@bib22]^ Together with increased autoantibody production, the production of pro-inflammatory cytokines is elevated in the joint synovium of patients with RA.^[@bib23]^ The joints of patients with RA are complicated tissues where innate and adaptive immune cells as well as joint resident cells, like synoviocytes and chondrocytes, are involved in joint inflammation.^[@bib23]^ Among several inflammatory cells, Th17 cells producing IL-17, IL-21 and IL-22 have been identified as the major pathological factor in the exacerbation of RA.^[@bib24],\ [@bib25]^ The frequency of Th17 cells and IL-17 levels are also increased in the peripheral blood and synovial fluid of patients with RA.^[@bib26]^

Although genome-wide association studies and subsequent meta-analyses have found genetic risk factors like HLA-DR, the pathogenesis of RA cannot be fully interpreted by considering only genetic variations.^[@bib22]^ Recently, the gut microbiota has been proposed as an indispensable environmental factor in the progression of RA.^[@bib27]^ Surprisingly, RA patients have been shown to have alterations in the composition of the microbiota. For example, while the abundance of *Bifidobacterium* and *Bacteroides* is lower in patients with RA, that of *Lactobacillus salivarius*, *Lactobacillus iners* and *Lactobacillus ruminis* is higher in patients with early RA.^[@bib28],\ [@bib29]^ Likewise, *Prevotella copri* is positively correlated with new-onset untreated RA patients.^[@bib30]^ Chen *et al.*^[@bib31]^ have shown that the decreased gut microbial diversity of RA patients is associated with disease duration and that the expansion of rare microbial lineages characterizes the RA-associated gut microbiota.

Emerging evidence has highlighted that the alteration of T-cell differentiation by the gut microbiota and its metabolic products as one of the most abundant environmental factors encountered by the human body has implicated in autoimmune diseases.^[@bib32]^ Such evidence indicates that the gut microbiota may control the host immune system, triggering T-cell differentiation. In parallel with this hypothesis, it has been reported that Th17 cells are abundant in the small intestinal lamina propria of the gut and do not accumulate in the absence of commensal microbiota, as in GF mice.^[@bib33],\ [@bib34]^ In particular, the colonization of SFB, a gut symbiont, induces and activates Th17 cells to produce the pro-inflammatory cytokine IL-17 in GF mice.^[@bib19]^ Conversely, polysaccharide A produced from *Bacteroides fragilis*, which is also a gut symbiont, enhances the induction of Th1 and Foxp3^+^ Treg cells to attenuate the Th17 response.^[@bib17],\ [@bib35]^ Thus, the composition of the gut microbiota plays a pivotal role in the balance between inflammatory Th cells and suppressive Treg cells to maintain immune tolerance under healthy conditions.

The alteration of the gut microbiota, namely dysbiosis, may influence immune tolerance and lead to the development of autoimmune diseases such as RA in genetically susceptible models.^[@bib27]^ In a murine experimental model, the colonization of SFB in the gut of spontaneous arthritis-prone K/B × N mice under GF conditions leads to the induction of functional Th17 cells and the reduction of Treg cells, driving the onset of autoimmune arthritis.^[@bib36]^ In this process, SFB can promote the production of serum amyloid A in the ileum to induce Th17-cell differentiation.^[@bib19]^ Regarding the plasticity of Th-cell differentiation, recent studies have described that RORγt precursor Th cells could differentiate into either Th17 or Treg cells depending on the local concentration of IL-6, a Th17-driving molecule.^[@bib37],\ [@bib38]^ On the basis of this hypothesis, SFB may govern the differentiation of pro-inflammatory Th17 cells and anti-inflammatory Treg cells through the regulation of each Th cell subset-driving cytokine milieu under specific microenvironmental conditions.^[@bib16]^ Consistent with the above findings, Atarashi *et al.*^[@bib33]^ showed that commensal bacteria-derived adenosine 5′-triphosphate could promote the expression of Th17-prone molecules, such as IL-6, IL-23p19 and transforming growth factor-β-activating integrins-αV and -β8 in lamina propria cells, and preferentially induce Th17-cell differentiation.

In addition to K/B × N mouse model, SKG mice and IL-1 receptor antagonist knockout (*IL-1rn*^−/−^) mice, other spontaneous T-cell-mediated arthritis models do not develop arthritis under GF conditions.^[@bib39],\ [@bib40]^ The colonization of *Lactobacillus bifidus* drives the development of arthritis in *IL-1rn*^−/−^ mice.^[@bib39]^ In another arthritis-prone DBA1 mouse model, the mice were divided into collagen-induced arthritis (CIA)-susceptible and CIA-resistant groups after CIA induction.^[@bib41]^ After that, the microbiota derived from CIA-susceptible mice caused an increased incidence of arthritis when transferred to GF mice compared to the microbiota derived from CIA-resistant mice.^[@bib41]^ At the same time, IL-17 in serum and Th17 cells in the spleen were upregulated in GF mice transferred with the microbiota derived from CIA-susceptible mice.^[@bib41]^ Therefore, it has been demonstrated that in various genetically susceptible models, the gut microbiota could orchestrate the development of autoimmune arthritis through a Th cell-mediated pathway.

Beyond the gut microbiota, the association of the oral and lung microbiota with RA disease pathology has been described. Interestingly, the presence of *Porphyromonas gingivalis*, which is known as periodontitis-associated bacteria and to enable translational modifications resulting in citrullinated proteins, in RA patients could have a significant impact on the relationship of RA pathogenesis with distal tissue microenvironments.^[@bib42],\ [@bib43]^ Citrullination is generated by peptidyl-arginine-deiminases, resulting in a loss of tolerance and anti-citrullinated protein antibody responses related to RA development.^[@bib22]^ Furthermore, *P. gingivalis* is known to promote Th17 responses through the production of Th17-polarizing cytokines even in chronic periodontitis.^[@bib44]^ Accordingly, *P. gingivalis* as an oral microbe could be associated with the development of RA.^[@bib45]^ Recent reports have shown that there are anti-citrullinated protein antibodies in induced sputum and lung tissues of patients with RA.^[@bib46]^ Especially, *Prevotella*, known as a representative gut microbe of RA patients, is present in bronchoalveolar lavage fluid of RA patients and is positively correlated with systemic rheumatoid factor.^[@bib46]^

Although numerous studies have suggested the possibility of deciphering the interplay between the microbiota and T-cell-mediated host immune responses in the progression of RA, the precise mechanism is still needed for the development of a therapeutic strategy. [Table 1](#tbl1){ref-type="table"} summarizes the changes in the microbiota in RA patients and animal models of chronic arthritis.

DM and obesity
--------------

DM is one of the most common metabolic diseases, affecting the balance of blood glucose homeostasis and resulting from a failure of insulin production or insulin unresponsiveness.^[@bib47]^ There are two major types of DM: type 1 (T1D) and type 2 diabetes (T2D). T1D is an organ-specific autoimmune disorder characterized by T-cell-mediated destruction of pancreatic β cells and insulin-dependent DM. The disease prevalence of T1D has risen steadily in developed countries, suggesting that numerous alterations to environmental factors such as diet, sanitation, infection and antibiotic use could cause disease development.^[@bib48]^ Strikingly, the incidence of T1D in a mouse model under GF conditions was accelerated compared to that in a mouse model under a conventional environment.^[@bib48],\ [@bib49]^ This indicates that a commensal microbiota could optimize immune homeostasis to prevent the development of autoimmune diabetes.

In the disease progression of T1D, CD8 T cells are predominantly recruited to the islets, but their function to destroy β-cells requires the help of CD4 T cells.^[@bib50]^ T1D is considered a Th1-cell-mediated disease that functions in an IFN-γ-dependent manner, which is associated with the CD8 T-cell response.^[@bib51],\ [@bib52]^ Insulin-dependent ectopic expression of IFN-γ in transgenic mice was demonstrated to sufficient cause the development of diabetes.^[@bib53]^ Consistent with this result, increased IFN-γ was shown to be positively correlated with disease progression in non-obese diabetic (NOD) mice, which is a spontaneous autoimmune diabetes murine model used to study T1D.^[@bib54]^ Considering infection by pathogens, when NOD mice were infected with attenuated *Salmonella typhimurium*, the incidence of T1D decreased via Th1 cell- and IFN-γ-dependent inhibition.^[@bib52],\ [@bib55],\ [@bib56]^ In contrast, insulin-dependent ectopic expression of IL-4 ameliorated autoimmune diabetes in NOD mice.^[@bib57]^ Helminth infections, such as *Schistosoma mansoni*, *Trichinella spiralis* and *Heligmosomoides polygyrus*, suppressed autoimmune diabetes in NOD mice via inducing the shift to a Th2 immune response.^[@bib52],\ [@bib58],\ [@bib59]^ However, there is also controversial evidence for a Th1/Th2 paradigm in T1D pathogenesis. Neither recombinant IFN-γ nor deficiency of IL-4 exacerbated diabetes in NOD mice.^[@bib60],\ [@bib61]^

Th17 cells have been described as a critical regulator beyond the Th1/Th2 paradigm in the pathogenesis of T1D, but their role in disease development has been more controversial. While the suppression of Th17 cells significantly reduced the development of diabetes in NOD mice, the colonization of SFB as a robust inducer of Th17 cells promoted a Th17-mediated immune response to protect against autoimmune diabetes in NOD mice.^[@bib62],\ [@bib63]^ Besides, islet antigen-specific Th17 cells are able to be converted into IFN-γ-producing Th1-like cells, inducing diabetes in mice.^[@bib64]^ Overall, the role of Th17 cells in T1D development may be determined by the disease stage or immune composition in disease-susceptible environments.

The differentiation of Treg cells as a counterpart to inflammatory T cells can also be shaped by the commensal microbiota in the intestines. In particular, T-cell receptors of intestinal Treg cells are educated by intestinal antigens, including microbial components, to suppress the immune activation against commensal microorganisms and maintain immune tolerance.^[@bib5]^ For example, Cluster IV and XIVa *Clostridia* induces the Treg cell population through the production of SCFA, which induces Foxp3 expression in CD4 T cells.^[@bib15],\ [@bib65],\ [@bib66]^ Intestinal Foxp3^+^ Treg cells have several mechanisms to suppress mucosal immune activation through IL-10 and transforming growth factor-β expression.^[@bib67],\ [@bib68]^ As mentioned above, when Treg cells are reduced in GF mice, the expression of suppressive factors, including IL-10, CTLA4 and ICOS, are simultaneously decreased in GF mice compared to conventionally reared mice but not specific pathogen-free mice.^[@bib15],\ [@bib65],\ [@bib69]^

T2D is regarded as an inflammatory disorder associated with obesity and accompanied by chronic, low-grade inflammation of adipose tissue.^[@bib70]^ Unlike T1D, T2D does not properly respond to insulin treatment, and therefore, it is categorized into insulin-resistant DM. T2D can be induced by a high-fat diet (HFD) linked to obesity as a metabolic inflammatory condition, leading to the production of pro-inflammatory cytokines such as IL-1β, IL-6 and tumor necrosis factor-alpha.^[@bib71]^ T cells, in general, are infiltrated and accumulated in obese adipose tissue with the accumulation of macrophages.^[@bib71],\ [@bib72]^ Among T-cell subpopulations, CD8 T cells are highly infiltrated in the adipose tissue of HFD mice, whereas the number of CD4 T cells, particularly Treg cells, is strikingly reduced, even though Treg cells in adipose tissue have unique T-cell receptor (TCR) repertoires.^[@bib70],\ [@bib73]^ Together with the reduction of Treg cells, the number of Th17 cells also markedly decreased in HFD mice.^[@bib74]^ In parallel with this result, IL17/RORγt-deficient CD4 T cells promote the development of T2D and obesity.^[@bib74]^

Two independent research groups have determined that the ratio of Firmicutes to Bacteroidetes phyla is increased in the gut microbiota in HFD-fed mice and obese humans, which is associated with increased nutrient production in the host.^[@bib75],\ [@bib76]^ This indicates that obesity as a metabolic inflammatory condition can contribute to the alteration of the gut microbiota. Similarly, GF mice transferred with the gut microbiota of HFD-fed mice showed a greater increase in total body fat than those transferred with normal microbiota.^[@bib76]^ Importantly, it has been demonstrated that HFD-induced gut microbiota causes a reduction of intestinal Th17 cells through the impairment of the ability of intestinal antigen-presenting cells to induce functional Th17 cells.^[@bib74],\ [@bib77]^ Karlsson and Qin research groups have observed the changes in the gut microbiota in T2D and surprisingly found a decrease in an SCFA-producing strain, *Clostridia*, known as a potent inducer of Treg cells.^[@bib13],\ [@bib78],\ [@bib79]^ Overall, recent reports suggest that the altered gut microbiota contributes to the reduction of Th17 and Treg cells in the progression of T2D and obesity. [Table 1](#tbl1){ref-type="table"} summarizes the changes in the microbiota in diabetes patients and NOD mice.

Asthma
------

Asthma is one of the most common chronic airway diseases and is characterized by airway inflammation, airway hyper-responsiveness, reversible airway obstruction and airway remodeling.^[@bib80]^ Immunologically, two types of asthma have been largely defined: allergic asthma and non-allergic asthma. Interestingly, distinct T-cell phenotypes exist in asthmatic patient subpopulations. Allergic asthma, as a Th2-cell-driven disorder, has been considered to be eosinophilic asthma.^[@bib80]^ The presence of Th2 cells is increased in the airways of patients with allergic asthma.^[@bib81]^ In parallel with the functions of the Th2-associated cytokines IL-4, IL-5 and IL-13, infiltration of eosinophils and increased immunoglobulin E (IgE) levels in serum and bronchoalveolar lavage fluid from patients with asthma are the hallmarks of Th2-associated inflammation.^[@bib80],\ [@bib81],\ [@bib82]^ However, some patients suffer from asthma despite an absence of Th2 cytokines. This non-allergic asthma, as a non-Th2-driven disorder, has been categorized as neutrophilic asthma.^[@bib80]^ Microbial components and their products stimulate the innate immune system, resulting in the production of IL-8, IL-1 and tumor necrosis factor-alpha.^[@bib83]^ These pro-inflammatory cytokines drive the shift toward Th1 and Th17 immune responses, which promote the recruitment of neutrophils.^[@bib83]^ IL-17A is increased in the lungs of patients with asthma, and the levels of IL-17 correlate with disease severity.^[@bib84],\ [@bib85]^

Recent rapid increases in the disease prevalence have occurred worldwide along with an urban living style. Asthma is caused by the interplay between genetic risk factors and subsequent exposure to environmental factors such as allergens, smoking and infection. Although genetic risk alleles have been reported in the literature related to the pathogenesis of asthma, the disease prevalence over the recent decades, particularly that of childhood asthma development in westernized countries, indicates that environmental factors play a crucial role in disease development.^[@bib86]^ Moreover, emerging evidence suggests an association of the composition of the lung microbiota with the development and exacerbation of asthma. Anatomically, the airway microbiota consists of dispersed bacteria from the oral cavity and microbes obtained through the inhalation of air, containing 10^4^--10^6^ bacterial cells per m^3^.^[@bib87]^ Although most inhaled microbes are passed through without colonization, some of the microbes appear to colonize in the bronchi of healthy lungs, including the genera *Prevotella*, *Veillonella* and *Streptococcus*.^[@bib88]^

Commensal airway microbiota can induce subclinical activation of the Th17 immune response to protect against respiratory pathogens.^[@bib89],\ [@bib90]^ Interestingly, GF mice that lack any exposure to microbes and microbial colonization showed more severe immune responses of ovalbumin-induced allergic airway inflammation, suggesting that the commensal microbiota is essential for developing a normal immune system and protecting against airway inflammation.^[@bib91]^ With the progress of recent serological approaches to identify microbe-specific antibodies and species-targeted PCR-based approaches, several studies have shown that the upper and lower airways of patients with asthma have a bacterial microbiota distinct from that of healthy people, which indicates a relationship between airway microbial diversity and susceptibility to asthma.

*Chlamydia pneumoniae* and *Mycoplasma pneumoniae* infections have been found to be associated with the acute exacerbation of asthma.^[@bib92]^ A significant increase in microbes of the Proteobacteria phylum, including *Haemophilus* spp., *Pseudomonas* spp. and *Klebsiella* spp., has been consistently detected in the airways of patients with asthma, unlike those of healthy people.^[@bib93],\ [@bib94],\ [@bib95]^ In addition, the microbiome profile of stable asthmatic patients indicates a positive correlation between the abundance of specific airway microbiome members, such as Comamonadaceae, Sphingomonadaceae and Oxalobacteraceae, and the degree of bronchial hyper-responsiveness, a key feature of asthma.^[@bib93]^ Therefore, it is envisaged that the heterogeneity in asthma phenotypes may be caused by the distinct microbial compositions in the airways. Using next-generation sequencing and phylogenetic microarrays, cohort research of asthmatic patients has demonstrated that there is a distinct microbial community between the airways of corticosteroid-sensitive and corticosteroid-resistant (CR) patients.^[@bib94]^ Corticosteroid-sensitive patients were enriched in *Bradyrhizobium* and *Fusobacterium* members, which have a longer acyl chain lipopolysaccharide with relatively low endotoxicity, reducing the bacteria-induced innate immune response.^[@bib94]^ Conversely, CR patients were enriched in Proteobacteria, including *Neisseria* and *Haemophilus*, which have short acyl chains with high endotoxicity, enhancing IL-8 production through Toll-like receptor 4 activation.^[@bib86],\ [@bib94]^

As mentioned above, in case of allergic asthma, environmental bacteria exposure in early life may affect the microbiota composition and modulate the host immune response. Of interest, it has been reported that altered symbiotic microbiota early in life could induce an exacerbated type 2 immune response and allergic inflammation.^[@bib95]^ In the murine model of exposure to house dust mite allergen immediately after birth, the mice developed enhanced Th2-mediated inflammation and airway hyper-responsiveness. Under these conditions, with the compositional shift from a predominance of *Proteobacteria* and *Firmicutes* to *Bacteroidetes* phyla, CD4^+^ CD25^+^ Foxp3^+^ Helios^−^ Treg cells expanded.^[@bib96],\ [@bib97]^ In another study, patients with severe asthma, especially those with neutrophilic airway inflammation, exhibited an abundance of *Haemophilus*, *Streptococcus* and *Moraxella* sp. in induced sputum, and this abundance was positively correlation with the neutrophil counts and IL-8 concentrations in patient samples.^[@bib98]^ In addition, the airway commensal microbiota and their metabolically active products can induce subclinical activation of the mucosal Th17 immune response.^[@bib97]^

Asthma is a very heterogeneous disease that is strongly influenced by environmental factors early in life. Although it remains to be addressed, we suggest that the altered microbiota profile provides clues to account for the heterogeneity of disease pathogenesis. [Table 1](#tbl1){ref-type="table"} summarizes the changes in the microbiota in patients with asthma.

Summary and future perspectives
===============================

Immunologically, abundant evidence has indicated that the expansion of distinct T-cell subpopulations and their function may orchestrate specific autoimmune or inflammatory diseases through multifactorial pathways. Here we have raised significant questions regarding how and why a specific T-cell subpopulation is expanded and its unique features lead to the development of diseases. The etiology of diseases can be largely divided into genetic variations and environmental factors. In this review, among several hypotheses, we focused on the possibility that commensal microbes, which are the most abundant environmental factor in the body, could shape immune systems and potently trigger immune activation in genetically disease-susceptible individuals. In particular, we attempted to describe how the relationships between T cells of the adaptive immune system and commensal microbiota, symbionts or pathogens play crucial roles in healthy and disease conditions.

In homeostatic conditions, *Bacteroides fragilis* drives the induction of Th1 or Treg cells, protecting the host from infection caused by several pathogens or preventing immune activation by self-antigens.^[@bib17],\ [@bib20]^ In addition, SFB and *Clostridia*-produced SCFA induce the expansion of Th17 and Treg cells, respectively, to maintain immune homeostasis ([Figure 2](#fig2){ref-type="fig"}).^[@bib15],\ [@bib19]^ However, in genetically disease-susceptible models, these bacterial species and their products regulate disease processes. For example, the colonization of SFB activates Th17 cell responses to accelerate autoimmune arthritis in a spontaneous arthritis model, K/B × N mice, or to protect against autoimmune diabetes in diabetes-prone NOD mice.^[@bib36],\ [@bib63]^ The colonization of *Lactobacillus bifidus* also drives the development of arthritis in arthritis-prone *IL-1rn*^−*/*−^ mice.^[@bib39]^ The HFD-induced gut microbiota directs a decrease of Th17 and Treg cells to suppress T2D and obesity.^[@bib77]^ At this time, we wonder whether each T-cell subpopulation has specific TCRs educated by commensal bacterial antigens. In other words, do bacterial antigens generate distinct T-cell subpopulations with bacterial antigen-specific TCRs? This question would suggest the possibility that mucosal tissue-specific T cells may differ from systemic T cells, as the generation of different TCRs depends upon the local microenvironments.

Several human metagenomic studies using 16S rRNA sequencing and whole-genome shotgun have been performed and have identified differences in the taxonomic microbiologic community between healthy individuals and disease patients. Beyond recognizing compositional dysbiosis, researchers have attempted to translate the compositional clusters of microbiota into functional repertoires such as mucin-degrading bacteria, oxidative stress response-related bacteria and butyrate-producing bacteria. Consequently, such research would facilitate an understanding of the relationship between dysbiosis and disease pathogenesis. However, because investigations of the human microbiota are primarily focused on the correlation with disease pathological phenotypes, these are needed to address the issue of causality. To systematically overcome the limits of human microbiota research, various mouse model systems have been used for mechanistic investigations, due to the fact that they have strong similarities with human genetics and the human gut microbiota. In an attempt to understand the effects of the human microbiota, human microbiota-associated mice have been developed and used in human-like ecologic systems.

Although we present the interplay between the microbiota and T cells in healthy and disease conditions, the overall immune system is a complex network affected by genetic susceptibility and various environmental triggers that initiate and contribute to disease progression. Hence, to understand the role of the microbiota in the development of diseases, we need to elucidate the broad network that exists between the innate and adaptive immune system in different disease conditions and the effect of dysbiosis on this network. In addition, with the field of metagenomics continuing to grow, it will be necessary to discover the linkages between different microbiota profiles under specific pathogenic conditions and different pathologic mechanisms shown in diseases.
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![Microbiota diversity is determined by environmental factors and signals to distal organs that contribute the development of diseases. The microbiota is established by other environmental factors, such as dietary fiber, saturated lipids, infection and antibiotics, and its colonization depends on the physiological condition of each tissue. Altered commensal microbiota in the gut or lung could influence the progression of various tissue-specific diseases through signal mediators, including microbes, microbial metabolites and circulating immune cells.](emm201736f1){#fig1}

![Microbiota mediates T-cell differentiation in homeostatic or pathogenic conditions. In mice under germ-free (GF) conditions, *Bacteroides fragilis* restores the development of the Th1-associated immune response through a bacterial product, polysaccharide A (PSA)-dependent pathway, while in mice under specific pathogen-free (SPF) conditions, PSA derived from *B. fragilis* induces Treg cell accumulation. Segmented filamentous bacteria (SFB) induces a Th17 immune response through adenosine 5′-triphosphate (ATP) production or serum amyloid A (SAA) produced by innate cells. *Clostridium* sp. promotes Treg cells through short-chain fatty acid (SCFA) production. Antigen-presenting cells (APCs) activated by cognate bacterial antigens could facilitate the generation of tissue-specific T cells derived from systemic T cells in a specific tissue environment.](emm201736f2){#fig2}

###### Alteration of the microbiota and effector T cells in diseases

  *Disease*                                 *Human patients/disease-susceptible models*       *Alteration in the microbiota in humans/colonization in mouse model*                                                            *Alteration of effector T cells*             *References*
  ----------------------------------------- ------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------ ---------------------------------- ----------------------------------
  RA (Th17-dominant diseases)               RA patients                                       *Prevotella* **↑**                                                                                                                                                            ^[@bib30]^
                                                                                              *Bifidobacteria* **↓**                                                                                                                                                        ^[@bib28]^
                                                                                              *Bacteroides* **↓**                                                                                                                                                           ^[@bib30]^
                                                                                              *Lactobacillus* **↑**                                                                                                                                                         ^[@bib29]^
                                                                                              *Porphyromonas gingivalis* **↑**                                                                                                           Th17 **↑**                   ^[@bib43],\ [@bib44]^
                                            K/B × N mice under germ-free conditions           Segmented filamentous bacteria (SFB) → arthritis development **↑**                                                                   Th17 **↑** Treg **↓**                    ^[@bib36]^
                                            *IL-1rn*^−*/*−^ mice under germ-free conditions   *Lactobacillus bifidus* → arthritis development **↑**                                                                                      Th17 **↑**                         ^[@bib39]^
                                            SKG mice under germ-free conditions               *Prevotella copri*-dominant microbiota from RA patients → arthritis development **↑**                                                      Th17 **↑**                         ^[@bib40]^
                                                                                                                                                                                                                                                                                 
  DM (Th1-dominant diseases)                Type 1 diabetes patients                          *Clostridium* **↑** *Bacteroides* **↑** *Lactobacillus* **↓** *Bifidobacterium* **↓** *Prevotella* **↓**                                                                      ^[@bib99]^
                                            NOD mice                                          Helminth infection (*Schistosoma mansoni*, *Trichinella spiralis*, *Heligmosomoides polygyrus*) → diabetes development **↓**                 Th2 ↑                 ^[@bib58],\ [@bib59],\ [@bib60]^
                                                                                              SFB → diabetes development **↓**                                                                                                             Th17↑                      ^[@bib62],\ [@bib63]^
                                                                                              *Salmonella typhimurium* → diabetes development **↓**                                                                                        Th1 ↓                      ^[@bib55],\ [@bib56]^
                                            Type 2 diabetes patients                          Butyrate-producing bacteria **↓** opportunistic pathogen **↑**                                                                                                                ^[@bib79]^
                                                                                              *Clostridia* **↓** *Escherichia coli* **↑**                                                                                                  Treg ↓                     ^[@bib78],\ [@bib79]^
                                                                                                                                                                                                                                                                                 
  Asthma (Th2- or Th17-dominant diseases)   Asthmatic patients (Th2-Eosinophilic)             *Tropheryma whipplei* **↑**                                                                                                                                                  ^[@bib100]^
                                            Asthmatic patients (Th17-Neutrophilic)            *Moraxella catarrhalis* **↑** *Haemophilus* **↑** *Streptococcus* **↑**                                                                                                       ^[@bib97]^
                                            Corticosteroid-sensitive (CS)                     *Bradyrhizobium* **↑** *Fusobacterium* **↑**                                                                                                                                  ^[@bib94]^
                                            Corticosteroid-resistant (CR)                     Proteobacteria **↑** (*Neisseria*, *Haemophilus*)                                                                                                                             ^[@bib94]^

(**↑**: increase, **↓**: decrease, →: results in).
